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ABSTRACT   23 
 24 
Cell-surface hydrophobicity has been shown to be an important factor in the ability of 25 
C. albicans to adhere to host tissue and in determining its resistance to phagocytic 26 
killing. Farnesol was recently identified as a quorum-sensing molecule that inhibits 27 
mycelial development in this organism. In this study, C. albicans A9 (wild type) and 28 
V10 (cell-wall–variant strain) were used. Previous experiments have indicated that 29 
A9-WT organisms have hydrophilic cell walls, while A9-V10 exhibits hydrophobic 30 
cell surfaces when both are grown in Yeast Nitrogen Broth (without amino acids) 31 
supplemented with 2% glucose at 37° C. The effect of farnesol on the incorporation 32 
of arginine, aspartic acid, glycine, histidine, leucine, and serine was studied in wild-33 
type and cell-wall variant strains under these conditions. It was determined that both 34 
strains incorporated significantly greater amounts of all amino acids tested, except for 35 
glycine, as the concentration of farnesol increased to 10 ug/mL. Farnesol 36 
concentrations greater than 10 ug/mL abolished the enhanced effects of amino acid 37 
transport in both strains of C. albicans. In addition, it was determined that farnesol-38 
treated A9-V10 hydrophobic cell surface organisms had increased amino acid uptake 39 
compared with the hydrophilic A9-WT strain although the magnitude of the effect (% 40 
increase) varied depending on the amino acid studied. 41 
 42 
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 Candida species are ubiquitous fungi and the most common fungal pathogens 44 
affecting humans. C. albicans is the primary etiologic agent of candidiasis, a disease 45 
that can vary from superficial mucosal lesions in the immunocompetent host to 46 
systemic or disseminated infection in the immunocompromised individual (Odds 47 
1988; Ahearn 1978). The cell wall of the organism is important to its success as a 48 
pathogen (Odds 1985) because it is required for growth; provides rigidity and 49 
protection against osmotic insult; and is the site of contact between the organism and 50 
its surroundings. Survival of C. albicans in its environment is dependent on the 51 
transport of nutrients into the organism. For molecules to enter, they must first pass 52 
through the cell wall and then the plasma membrane, a limiting structure between the 53 
cell wall and the cytoplasm that acts as a permeability barrier to many solutes. 54 
 55 
 The molecular complexity of the C. albicans cell wall is well known. The cell 56 
wall is a heterogeneous structure composed predominantly of polysaccharides 57 
(mainly mannan, glucan, and chitin), proteins, and lipids (Calderone and Braun 1991; 58 
Odds 1985). The proteins located on the external surface of C. albicans are composed 59 
of high–molecular-weight mannoproteins, and constitute the outer fibrillar layer of 60 
the cell wall. These mannoproteins are regarded as important sites that influence 61 
amino acid transport by this organism (Braun 1999). Investigators have observed that 62 
the presence of fibrillar mannoproteins determines the hydrophilic nature of C. 63 
albicans cells (Glee et al. 1995; Hazen and Hazen 1992). Any changes in the length 64 
or concentration of mannoprotein fibrils, or decrease in the amount of 65 
phosphodiester-linked, acid-labile mannosyl-groups results in a hydrophobic cell 66 
surface (Masuoka and Hazen 1997). 67 
 68 
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 Farnesol (C15H26O), a recently discovered extracellular quorum-sensing 69 
molecule produced by C. albicans, blocks yeast-to-mycelium conversion when it 70 
accumulates above threshold levels. Farnesol is a hydrophobic molecule that alters 71 
cell morphology but does not alter growth rate. It is produced at all growth 72 
temperatures, and is produced continuously during growth of C. albicans (Hornby et 73 
al. 2001). Inhibition of C. albicans biofilm formation by farnesol also has been 74 
reported (Ramage et al. 2002). 75 
 76 
 The purpose of this study was to determine how amino acid incorporation was 77 
influenced by exogenous supplements of farnesol.  Any changes in nutrient transport 78 
due to farnesol presence would affect the growth and presumably the pathogenesis of 79 
this organism.  Two strains of C. albicans were used. When grown in amino-acid–80 
deficient Yeast Nitrogen Broth (YNB) supplemented with 2% glucose, the wild-type 81 
strain of C. albicans (A9-WT) exhibits hydrophobic cell surfaces at 23°C and the 82 
typical hydrophilic morphology at 37°C.  The cell wall variant (A9-V10) however, 83 
displays cell-surface hydrophobicity under all growth conditions (Masuoka and 84 
Hazen 1997). 85 
 86 
 C. albicans A9-WT and A9-V10 were maintained on brain-heart infusion 87 
slants at 4°C. The two strains were grown to mid-stationary phase in YNB buffered 88 
with 0.05-M sodium phosphate (pH 7.2) and supplemented with 2% (w/v) glucose 89 
(YNB+G) at either 23°C or 37°C to induce hydrophobic or hydrophilic cell wall 90 
conditions. Cells were washed and resuspended in PB (sodium phosphate buffer, 0.05 91 
M, pH 7.2) and kept on ice. 92 
 93 
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 Cell-surface hydrophobicity (CSH) of the culture was determined by using the 94 
polystyrene microsphere assay (Hazen and Hazen 1988). A working 10% solution 95 
was prepared by placing 6 mL of stock microspheres (diameter, 0.825 um; Sigma 96 
Chemical Co.). into 2.0 mL of PB, and kept on ice. The assay was performed by 97 
mixing equal volumes (l00 mL) of washed yeast cells (5 x 107 cells per mL) and 98 
microspheres in polypropylene test tubes and incubating the mixture for 2 min at 99 
room temperature. The mixtures were vortexed subsequently for 30 s, and microscope 100 
slides were prepared. Cultures were determined to exhibit CSH when 95% of the 101 
population had more than three attached microspheres. 102 
 103 
 Yeast cells were resuspended in 1 mL of sterile YNB+G at a concentration of 104 
5 x 107 cells per mL. Triplicate samples were incubated with 0, 1, or 10 micrograms 105 
of free farnesol (Sigma; trans, trans-Farnesol) for 10 minutes at 37°C. Subsequently, 106 
[3H] L-amino acids ([2,3-3H]arginine, specific activity 36.8 Ci/mmol; [2,3-107 
3H]aspartic acid, specific activity 15.5 Ci mmol-1; [2-3H]glycine, specific activity 108 
43.8 Ci mmol-1; [2,5-3H]histidine, specific activity 50.4 Ci mmol-1; [4,5-3H]leucine, 109 
specific activity 52 Ci mmol-1; [3-3H]serine, specific activity 21.7 Ci mmol-1; New 110 
England Nuclear), were individually assayed by adding the radioactively labelled 111 
substance, 1 uCi ml-1 to the cultures These cultures were further incubated for 1 h at 112 
37°C (100 rpm). Incorporation of radiolabel was stopped by the immediate addition 113 
of 1 mL of 15% TCA. The suspensions were filtered through Whatman GF/A glass 114 
fiber filters, and the precipitate remaining on each filter was washed twice with 15% 115 
TCA and once with 95% ethanol. The filters were dried and transferred to 116 
scintillation vials, and the radioactivity was counted in ScintiSafe-LSC Cocktail. 117 
 118 
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Dry weights were determined by filtering 1-mL (5 x 107 cells) samples on 119 
pretared Whatman filters. These filters were washed with distilled water, dried, and 120 
weighed. Uptake of the radiolabeled nutrient is expressed as the number of picomoles 121 
incorporated per milligram of dry weight. 122 
 123 
 Statistical variables used to analyze the data included mean value, standard 124 
error of the mean, and two-tailed Student’s t-test results. When two groups were 125 
compared, a P-value of less than 0.05 was considered to indicate a significant 126 
difference between the groups. 127 
 128 
 To determine whether A9-WT and A9-V10 strains had different growth 129 
patterns in YNB, 24-hour growth curves were performed. Calculations of the mean 130 
growth rate constant (k) indicated insignificant differences between wild-type and 131 
cell-wall variant at 23°C or 37°C, respectively. The mean generation time (g) also 132 
indicated very little growth difference between these strains at the experimental 133 
temperatures. There was, however, a significant difference in the growth rate constant 134 
and generation time for each strain at the two different temperatures (Table 1). 135 
 136 
 Incubation at 37°C of stationary-phase, farnesol-untreated cultures with the 137 
[3H] amino acid demonstrated that A9-V10, possessing CSH, preferentially 138 
incorporated more of the individually tested nutrient than A9-WT with a hydrophilic 139 
surface (Figures 1 and 2). Amino acid incorporation was linear in both strains up to 140 
60 minutes (data not shown).  However, the percentage of increase varied according 141 
to the amino acid, with A9-V10 incorporating 5% more aspartic acid and leucine, 142 
11% more arginine, and 30% more histidine and serine than A9-WT. Experimental 143 
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results indicated A9-WT and A9-V10 cultures were unable to transport glycine under 144 
the described conditions (data not shown). Incorporation of arginine, histidine, 145 
leucine, and serine by both A9-WT and A9-V10 was further enhanced by the 146 
presence of 1 or 10 ug of farnesol compared to untreated. However, the magnitude of 147 
the effect of farnesol on transport by A9-WT and A9-V10 was dependent on the 148 
amino acid studied (Table 2). Aspartic acid incorporation also was enhanced by 149 
farnesol treatment; however, 10 µg of farnesol increased A9-WT incorporation to 1.1 150 
picomoles per mg dry weight, and A9-V10 incorporation to 1.8 picomoles per mg dry 151 
weight from the untreated baseline of 0.76 and 0.8 picomoles per mg dry weight, 152 
respectively. Farnesol concentrations greater than 10 ug/mL reduced the 153 
incorporation and presumably the transport of all amino acids tested.  Increased 154 
farnesol concentrations (up to 100 ug) abolished the augmented effects of the lower 155 
concentrations.  Amino acid incorpoation at these higher concentrations was reduced 156 
to base-line (0 ug farnesol) in both strains of C. albicans (data not shown).  157 
 158 
 159 
 The role of the microenvironment apparently has a very important role in 160 
determining the pathogenicity of C. albicans.  Farnesol, which is produced in situ by 161 
C. albicans, affects nutrient transport.  This discovery may be relevant during in vivo  162 
infections.  The results of these experiments indicate that very limited micromolar 163 
amounts of farnesol increased amino acid incorporation by this organism.  The exact 164 
nature of the interaction of farnesol with C. albicans is not understood; however, the 165 
hydrophobic A9-V10 appears to exhibit greater nutrient transport than the A9-WT 166 
strain.  This is likely a result of the lipophilic properties of farnesol, which probably 167 
enables more effective binding of this compound to a receptor site on the cell 168 
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membrane. Presumably, an increase in nutrient transport affects the growth, 169 
metabolism, and virulence of C. albicans and the morphological transformation from 170 
yeast to mycelia (a crucial step in the pathogenesis of C. albicans).   171 
  This study demonstrates that as farnesol concentrations increased, the initial 172 
incorporation enhancement was diminished to control levels (0 µg farnesol).  These 173 
results indicate a gradient effect produced by farnesol that influences metabolic 174 
activities of this organism.  These results, as well as previous investigations that have 175 
shown that farnesol prevents biofilm formation (Ramage et al. 2002) and inhibits 176 
mycelial development in a quorum-sensing manner (Hornby et al. 2001) suggests that 177 
farnesol might be the first of a new class of antifungal compounds.   178 
 In addition, Hornby et al. (2003) recently reported that compounds that block 179 
sterol biosynthesis in C. albicans caused an increase in intracellular and extracellular 180 
farnesol levels.   Farnesol would not kill this organism and upset the balance of the 181 
normal flora in an individual. Instead, the metabolism of C. albicans would be 182 
affected which ultimately controls morphogenesis.  Farnesol would limit C. albicans 183 
growth to the yeast form and in so doing restrict pathogenesis in its host. Further 184 
studies on the effect of farnesol on C. albicans are needed to strengthen its role as a 185 
therapeutic agent.     186 
 187 
 188 
 189 
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Table 1. Mean Growth Rate Constant (k) and Mean Generation Time (g)  
for C. albicans Strains A9-WT and A9-V10 Grown at 23°C and 37°C. 
 
 
  A9-WT   A9-V10  
 
  23°C 37°C 23°C 37°C 
 
 k 0.3479 0.7262 0.4592 0.7573 
 
 g (hours) 2.874 1.377 2.177 1.320 
 
 
A9-WT and A9-V10 cultures were grown for 24 hours in YNB plus 2% glucose broth.  
Values represent the average of 5 experimental growth curves. Data were analyzed  
using Student’s t-test. When growth comparisons were determined, a P-value  
less than 0.05 was considered to indicate a significant difference between the groups. 
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Table 2. Magnitude of Effect (% Increase) of Farnesol 1 µg and 10 µg  
on Amino Acid Transport by C. albicans Strains A9-WT and A9-V10. 
 
 
  A9-WT   A9-V10  
 
  Farnesol Farnesol Farnesol Farnesol 
  1 µg 10 µg 1 µg 10 µg 
 
 Arginine 2 26 4 19 
 
 Histidine 14 23 10 21 
 
 Leucine 21 42 22 55 
 
 Serine 44 54 33 90 
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 Figure 1 
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Figure 2 
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Legend 
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Figs.  1-2:  
 
Incorporation of four different L-[3H] amino acids by pretreated farnesol  C. albicans 
strains A9-WT(hydrophilic) and A9-V10 (hydrophobic) was determined after a 1 h 
incubation at 37°C.  Values represent the SEM of triplicate samples from several 
experiments (n=6).  Student’s t test was used to analyze the data.  When incorporation 
comparisons between cell strains for a particular amino acid was determined, a P< 0.05 
was considered to indicate a significant difference between groups. 
 
 
 
